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Ca2 oscillations in the rabbit renal cortical collecting system
induced by Na free solutions
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Ca2" oscillations in rabbit renal cortical collecting system induced by
Na free solutions. The presence of a Na-Ca2" exchange system has
been previously demonstrated at the basolateral side of the cortical
collecting system. The role of such an exchanger in maintaining low
intracellular [Ca2J ([Ca2]1) in this nephron segment is now investi-
gated. Cells from the connecting tubule and cortical collecting duct of
rabbit kidneys were isolated by immunodissection with mAb R2G9 and
subsequently cultured on glass coverslips. [Ca2]1 was measured in
single cells using quantitative fluorescence microscopy. Surprisingly,
isoosmotic substitution of extracellular Na" ([Na]0) for N-methylglu-
camine generated [Ca2"] oscillations in individual cells instead of an
anticipated sustained increase in [ca2"']1. The amplitude of these
oscillations ranged between 150 to 600 nM (average 308 19 nM) and
occurred at a frequency of 0.63 0.03 mm't, with a duration of 44
2 seconds per spike. Oscillations were only observed in response to
[Na]0 less than 5 mai and lasted until Na"0 was re-introduced, The
compound U73l22 (10 SM), anew phospholipase C inhibitor, inhibited
[Ca2"1 oscillations, which strongly suggests that 1P3 generation initiates
lCa2"]1 oscillations. [Ca2"] oscillations were independent of extracel-
lular Ca2 and could not be inhibited by lanthanum ions, indicative for
an intracellular source for the generation of Ca2" spikes. Addition of
thapsigargin, a specific inhibitor of endoplasmic reticulum Ca2"-
ATPase activity, induced a considerable intracellular Ca2 release,
after which [Ca2] oscillations could no longer be provoked. Caffeine
(20 mM) reversibly inhibited the Ca2" oscillations, which implies that
Ca2"-induced Ca2" release is involved in generating these oscillations.
Protein kinase C activation by the phorbol ester, TPA (l0- M),
interrupted [Ca2]1 oscillations instantaneously, and this effect could be
partially reversed by the protein kinase inhibitor, staurosporine (l0—
M). Prolonged exposure to TPA (up to 96 hr) resulted in down-
regulation of PKC activity in cultured cells, but oscillations could still
be induced, which strongly suggests that PKC activity is not crucial in
generating (Ca2"] oscillations. In conclusion, in rabbit renal collecting
duct cells in primary culture, removal of extracellularNa induced
oscillations of [Ca2"]1 which arise from phospholipase C activation in
concert with Ca2"-induced Ca2" release and with no strict requirement
for extracellular Ca2.
In the mammalian kidney, hormone-regulated active Ca2
reabsorption occurs primarily in the distal convoluted tubule
and connecting tubule, and consists of a passive influx of Ca2
from the lumen, diffusion through the cytosol and active extru-
sion at the peritubular side of the cell [1, 21. Both an ATP-
dependent Ca2 pump and a Na"-Ca2 exchanger have been
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shown to be involved in Ca2 efflux [1]. Ca2-ATPase has been
demonstrated enzymatically as well as immunologically [3, 4],
while evidence for a major role of a Na-Ca2 exchanger in the
distal nephron stems from a variety of measurements. Ram-
achandran and Brunette [5] concluded from membrane vesicle
studies that this exchanger is present exclusively in the distal
tubule. In isolated perfused rabbit connecting tubules [6] and in
primary cultures of the rabbit cortical collecting system [71, a
concentration dependence of Ca2" reabsorption on basolateral
[Na"] was demonstrated. Several investigators evaluated the
role of a Na-Ca2" exchanger in regulating cytosolic [Ca2'j
([Ca2],) from manipulation of the electrochemical gradient for
Na" while monitoring [Ca2"]1 [8, 9]. However, firm conclusions
concerning the involvement of Na"-Ca2" exchange in maintain-
ing low [Ca2}, could not be made due to experimental limita-
tions. For example, in these studies, the fura 2 signal resulted
from several cells and not from single cells. It is now well
established that [Ca211 signals measured in single cells may
differ strikingly from bulk measurements [10].
The aim of the present study, therefore, was to evaluate the
role of Na"-Ca2" exchange in regulating [Ca2], in individual
cells of the renal cortical collecting system. For this purpose, a
recently established primary culture of rabbit kidney cortical
collecting system was used, which retains many characteristic
features of the original epithelium and allows monitoring of
[Ca2]1 in individual cells during prolonged periods [11]. A
surprising observation was that removal of extracellular Na
(Na0) induced oscillations in [Ca2"]1, and in the present study
a detailed characterization of these [Na]0-free induced [Ca2 i
oscillations has been undertaken.
Methods
Primary cultures of cells from rabbit kidney cortical
collecting system
Rabbit kidney connecting tubule and cortical collecting duct
cells were immunodissected with mAb R2G9 and set in primary
culture on 22 mm circular glass coverslips coated with rat tail
collagen, as previously described in detail [11]. In brief, New
Zealand white rabbits ( 0.5 kg weight) were used. The culture
medium was a 1:1 mixture of DME/F12 medium (Gibco, Breda,
NL) supplemented with 5% (vol/vol) decomplemented fetal calf
serum, 50 jg/m1 gentamycin, a mixture of non-essential amino
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acids, 5 g!ml insulin, 5 jsg!ml transferrin, 50 nM hydrocorti-
sone, 70 nglml PGE1, 50 flM Na2SeO3 and 5 M triiodothyro-
nine, equilibrated with 5% C02-95% air at 37°C. All experi-
ments were performed with confluent monolayers between five
and eight days after seeding the cells on coverslips.
Measurement of [Ca2], in single cells
The fluorescent indicator, fura 2, was loaded into the cells
during a 60 minute incubation of the monolayer at 37°C in
DME/F12 medium (Gibco) supplemented with 5 M fura 2
acetoxymethyl ester (fura 2 AM), 0.4% (wt/vol) DMSO, 0.02%
(wt/vol) pluronic F127 and 4% (voL'vol) decomplemented fetal
calf serum. Hereafter, cell cultures were washed twice with
incubation medium containing (in mM): 140 NaCI; 2 KC1; 1
K2HPO4; 1 KH2PO4; 1 MgC12; 1 CaC12; 5 glucose; 5 1-alanine;
10 HEPES/Tris, pH 7.40 (unless otherwise indicated). Subse-
quently, coverslips were transferred to a thermostated "Lei-
den" chamber [12] mounted on the stage of an inverted Diaphot
microscope (Nikon, Amsterdam, NL) and connected to a
photomultiplier (Newcastle Photonic System, Newcastle, UK).
The volume of the chamber was reduced to 200 d with a small
perspex insert. The cells were continuously superfused (2
mllmin) with medium and the temperature was maintained at
37°C. Using a pinhole diaphragm, the fluorescence from indi-
vidual cells emitted at 492 nm was collected at 0.5 second
intervals at the excitation wavelengths 340 and 380 nm. [Ca2]1
was calculated according to the formula derived by Gryn-
kiewicz, Poenie and Tsien [13]: [Ca2] = Kd (R — Rmin)/(Rmax
— R)B, where Kd (—224 nM) is the Ca2 dissociation constant
for fura 2; R is the ratio of the cellular fura 2 fluorescence at 340
and 380 nm excitation; Rmax and Rmjn represent maximum and
minimum R values obtained by treating the monolayers with 5
LM ionomycin in the presence and absence of extracellular
Ca2, respectively; B is the ratio of the 380 nm excitation
fluorescence in the absence and with a saturating level of
extracellular Ca2. In most experiments, absolute Ca2 con-
centrations were difficult to obtain due to technical problems
with the ionomycin calibration, which has also been reported by
other investigators [14, 15]. Preferentially fluorescence ratios
were, therefore, reported, and absolute Ca2 concentrations
were only used when calibration was performed successfully.
To investigate the intercellular coupling between the cultured
cells, [Ca2] was measured simultaneously in several adjacent
cells with a similar microscope set-up as that described above,
connected to a MagiCal System (Joyce Loeble, UK) in which
emitted light is captured with a CCD camera followed by digital
imaging using TARDIS software. This system has been de-
scribed in detail by Neylon Ct a! [16].
Measurement of pH, in single cells
Cells were loaded with the pH-sensitive, fluorescent dye
BCECF/AM by essentially the same procedure as that de-
scribed for fura 2. Emitted fluorescence above 515 nm was
collected for the two excitation wavelengths of 440 and 490 nm.
Determination of protein kinase C activity
Primary cultures of rabbit cortical collecting system were
incubated for 96 hours with incubation medium containing 0.1%
(vol/vol) DMSO, 106 M 12-O-tetradecanoylphorbol 13-acetate
(TPA) or l0 M 4-a-phorbol. Total cellular fractions were then
prepared at 4°C as follows: After washing coverslips twice with
phosphate-buffered saline, 20 msi Tris/HC1 homogenization
buffer (pH 7.5) was added, containing 0.5% (vollvol) Triton-X
100, 0.25 M sucrose, 10 mts EGTA, 2 mri EDTA, 10 mM
2-f3-mercaptoethanol, 1 mM PMSF, 0.2 mg/ml soybean trypsin
inhibitor, 10 g/ml aprotinin, 20 M leupeptin and 10 ms NaF.
Cells were scraped off the coverslips, sonicated in homogeni-
zation buffer for 10 seconds, kept on ice for one hour and,
finally, centrifuged at 50,000 X g for 60 minutes. The superna-
tant, containing total protein kinase C activity, was referred to
as the total fraction.
Protein kinase C (PKC) activity in the total fraction was
assayed according to Ederveen et al [17], and defined as the
phosphatidylserine- and TPA-dependent increase in histone-H 1
phosphorylation. The fractions incubated with DMSO or 4-a-
phorbol were never significantly different and were, therefore,
averaged and referred to as controls.
Identjication of individual cell types
In some experiments the monolayers were exposed to 0.5%
(wt/vol) FITC-conjugated peanut lectine during the fura 2 AM
loading procedure, allowing identification of type B intercalated
cells [18] during the subsequent [Ca2]1 measurements. In a
separate series of experiments the individual cells were identi-
fied by immunocytochemistry using peanut lectine to recognize
type B intercalated cells [18] and an antiserum against calbin-
din-D2SK to recognize principal cells [19]. The majority of cells
(—60%) were calbindin-D28K positive and peanut lectine nega-
tive and therefore identified as principal cells, whereas a
minority (—'-30%) were calbindin-D2SK negative and peanut
lectine positive and identified as intercalated cells.
Experimental procedures
Extracellular Na concentration ([Na]0) was reduced by
isoosmotic replacement with N-methyl-glucamine/HCI. Thapsi-
gargin was dissolved in ethanol, whereas TPA, 4-a-phorbol,
U73122 and U73343 were dissolved in DMSO and final solvent
concentrations did not exceed 0.1 vol% (vollvol). Results from
experiments with either vehicle or the inactive phorbol ester,
4-a-phorbol, were never significantly different from the control.
Collagenase A and hyaluronidase were obtained from Boehr-
inger (Mannheim, Germany). 32P-ATP was purchased from
Amersham ('s-Hertogenbosch, NL). Fura 2 AM, BCECF AM
and pluronic Fl27 were obtained from Molecular Probes (Eu-
gene, Oregon, USA), thapsigargin from LC Services Corp.
(Woburn, Massachusetts, USA), and ryanodine from Calbio-
chem (La Jolla, California, USA). U73 122 and U73343 were
provided by Upjohn Laboratories (Kalamazoo, Michigan,
USA). All other chemicals were obtained from Sigma (St.
Louis, Missouri, USA).
Statistical analysis
In all experiments, data were assessed from at least three
separate isolations and a representative experiment is shown.
Unpaired Student's t-tests were used to determine statistical
differences between two independent groups.
Results
The isolation of rabbit renal cortical cells with Mab R2G9 and
characterization of the subsequent primary culture has been
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Fig. 1. Effect of Na0 removal on [Cd]1 in cultured cells from the
rabbit renal cortical collecting system. Na0 (NaCI) was isoosmotically
replaced with N-methylglucamine (NMGCI). R3,380 represents the fura
2 340/380 nm excitation fluorescence emission ratio as a measure of
[Ca2]. A representative trace of six experiments is shown.
previously described in detail [7, 11]. The cultured cells origi-
nate from the connecting tubule and the cortical collecting duct
and are, hereafter, referred to as the cortical collecting system.
In the present study, we measured changes in single cell [Ca2],
by fluorescence microscopy and digital imaging of fura 2-loaded
cells.
Effects of [Na]0 on [Ca2]1
The dependency of [Ca2] on Na0 is shown in Figure 1.
Isoosmotic replacement of [Na]0 for N-methylglucamine re-
sulted in oscillations in [Ca2] of individual cells from the
cortical collecting system. These distinct and relatively regular
Ca2 oscillations, with [Ca2]1 returning to basal levels between
spikes, endured throughout Na0 absence and disappeared
promptly upon the reintroduction of Na0. The oscillator
frequency was 0.63 0.03 min1, with a duration of 44 2
seconds per spike, and the amplitude ranged from 150 to 600 nivi
[Ca2]1 among different cells (mean: 308 19 flM, N = 60).
The relationship between [Na]0 and [Ca2], in cultured cells
of the cortical collecting system was further investigated.
Isoosmotic substitution of [Na],, for N-methylglucamine dem-
onstrated the induction of oscillations only when [Na]0 was
lowered below 5 m (Fig. 2). There was, however, no correla-
tion between the frequency or amplitude of [Ca2], oscillations
and [Na10.
The cultured rabbit renal cells used in our experiments
represent a heterogeneous population, originating from both
connecting and cortical collecting tubules and containing both
principal and intercalated cells. The observed [Ca2i oscilla-
tions were mainly studied in principal cells (identified as cal-
bindin-D28K positive and peanut lectine negative cells), since
they loaded more readily with the Ca2-sensitive dye, fura 2, in
comparison with a weaker fluorescence from the intercalated
cells (identified as calbindin-D28K negative and peanut lectine
positive cells). Despite this difference in fura 2 loading effi-
ciency, removal of extracellular Na0 induced similar [Ca2]1
Time, minutes
Fig. 2. Concentration dependence of Na-free-induced [Ca'J oscil-
lations in cultured cells from the rabbit renal cortical collecting system.
Na0 was isoosmotically replaced with N-methylglucamine.
represents the fura 2 340/380 nm excitation fluorescence emission ratio
as a measure of [Ca2]1. A representative trace of five experiments is
shown.
oscillations in both cell types, since both the frequency and
amplitude of the [Ca2]1 oscillations were the same (that is, the
frequency was 0.64 0.06 and 0.59 0.05 mint, P >0.5, with
a R3401380 of 1.6 0.2 and 1.2 0.2, P > 0.2, for principal and
intercalated cells, respectively, N = 19).
Using the digital imaging system [Ca2] oscillations were
simultaneously measured in five adjacent cells, as shown in
Figure 3. [Ca2] oscillations in individual cells occurred inde-
pendently, which strongly suggests the absence of coupling or
synchronization among neighboring cells.
Role of phospholipase C in [Ca2]1 oscillations
The involvement of phospholipase C in Na0-free induced
[Ca2]1 oscillations is demonstrated in Figure 4. U73122, which
irreversibly inhibits phospholipase C [201, inhibited the [Ca2]
oscillations within five minutes after application at a concentra-
tion of 10 /LM (Fig. 4). This inhibitory effect was not reversed on
removal of U73 122 from the superfusion medium. By contrast,
U73443, a close structural analogue of U73122 [20], had no
effect.
Source of Ca2 for [Ca2tl, oscillations
The dependence of Na0-free induced oscillations on extra-
cellular Ca2 is illustrated in Figure 5. Firstly, superfusion of a
Ca2 free solution containing 0.1 mM EGTA for seven minutes
failed to influence the oscillatory behaviour (Fig. 5A). Pro-
longed exposure to EGTA was not feasible since the cells
detached from the coverslip. Secondly, a nominally Ca2 free
solution was used which contained in addition 0.1 mrs La3 to
block Ca2 influx. Application of this La3-containing medium
during [Ca2]1 oscillations was either without effect (90%, Fig.
SB), slowly declined the amplitude of the oscillations to zero
(2%) or blocked the oscillations (8%). In the latter two cases,
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Fig. 3. Nat,, free-induced [Cd ], oscillations measured simultaneously in five adjacent cells from the rabbit renal cortical collecting system in
primary culture using digital imaging. R340,380 is the ratio of fluorescence emitted at 340 and 380 nm. The oscillatory frequency is given for each
cell. The location of the adjacent cells is depicted in the bottom right figure. R3,380 represents the fura 2 340/380 nm excitation fluorescence
emission ratio as a measure of [Ca2J1. A representative trace of four experiments is shown.
oscillations, the oscillatory behavior stopped after a single large
and final Ca2 spike. These experiments strongly suggest that
[Ca2]1 oscillations originate from repetitive Ca2 release from,
and re-uptake into, thapsigargin-sensitive Ca2 stores.
Support for the involvement of Ca2-induced Ca2 release in
the Ca2 oscillations stems from the observation that 20 mM
caffeine inhibits [Ca2i oscillations (Fig. 7). The inhibition by
caffeine was rapidly reversed by washing. However, ryanodine
(50 SM), a drug known to antagonise Ca2-induced Ca2 release
in excitable tissues [22], was without effect (Fig. 8).
Role of protein kinase C in [Ca'7, oscillations
Since an involvement of protein kinase C (PKC) in [Ca2]1
oscillations has been suggested in various cell types [23], the
effects of PKC activation on Na0-free induced [Ca2]1 oscil-
lations in our collecting system cells were studied using the
tumor-promoting phorbol ester, 12-O-tetradecanoylphorbol 13-
acetate (TPA) (Fig. 9). Addition of 108 M TPA caused imme-
diate cessation of [Ca2]1 oscillations, an effect which could be
partially reversed by subsequent treatment with the protein
kinase inhibitor staurosporine (l0— M). The inactive phorbol
ester, 4-a-phorbol, had no effect on the [Ca2] oscillations,
demonstrating the specificity of the effect of TPA.
To further examine the role of PKC in generating [Ca2]
oscillations, the cultured cells were pretreated with high con-
centrations of TPA (106 M) for 96 hours. As shown in Figure
bA, prolonged exposure to TPA reduced PKC activity in
cultured cells to 35 10% of the control level. When these PKC
down-regulated cells were exposed to Nat,, free solutions in the
presence of TPA (l0— M), the [Ca2]1 oscillations continued
(Fig. lOB), with a frequency and amplitude indistinguishable
from those in the untreated cells. Apparently, PKC is not
essential in generating and maintaining [Ca2]1 oscillations, but
on the contrary, activation of PKC results in inhibition of Ca2
oscillations.
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Fig. 4. The effect the phospholipase C inhibitor, U73 122 (10 u), on
Nat,,-free-induced [Ca2 ], oscillations in cultured cells form the rabbit
renal collecting system. The closed structural analogue, U73343 (10
LM), had no effect on the oscillations. R3401380 represents the fura 2
340/380 nm excitation fluorescence emission ratio as a measure of
[Ca2],. A representative trace of four experiments is shown.
the [Ca2}1 oscillations reappeared instantaneously after rein-
troduction of normal Ca2-containing medium (data not
shown). These results imply that the primary source of Ca2
utilized for oscillations is intracellular.
To further substantiate the role of intracellular Ca2 stores,
the effect of thapsigargin, which inhibits Ca2 uptake into
intracellular Ca2 pool [21], was investigated. Figure 6 shows
that exposure of the cells to 1 /M thapsigargin in the presence
of extracellular Na caused a rapid rise in [Ca2] from resting
levels of -150 to —1500 nM, which then declined to a sustained
lower level. Subsequent removal of [Na]0 could no longer
induce [Ca2]1 oscillations (Fig. 6A). In addition, Figure 6B
illustrates that when thapsigargin was added during [Ca2]
C.)
Time, minutes
B
Time, minutes
10
Fig. 6. Effect of thapsigargin (10—6 M) on (Ca'-J1 in cultured cells from the rabbit renal cortical collecting system in the presence (A, NaC1) and
absence (B, NMGCI) of Nat. R34013 represents the fura 2 340/380 nm excitation fluorescence emission ratio as a measure of [Ca2]1. A
representative trace of four experiments is shown.
Role of pH and [Na], in [Ca2] oscillations
Since Na0 removal may result in alterations in intracellular
pH (pHj, which in turn may evoke [Ca2]1 oscillations, the
effect of Na0 removal on pH1 was investigated (Fig. 11).
Complete removal and subsequent reintroduction of Na0 had
no effect on pH1 when measured in individual cells where
Na0-free-induced [Ca2]1 oscillations were active. This clearly
demonstrates that the [Ca2]1 oscillations were not evoked by
changes in pH,.
The involvement of changes in intracellular [Na] in gener-
ating [Ca2i oscillations was tested either by inhibiting Nat-
K-ATPase with ouabain (5 i0 M), or by blocking Na
influx with amiloride (10—i 54). Neither drug influenced [Ca2],
in the presence or absence of Na0-free-induced [Ca2], oscil-
lations (data not shown).
Discussion
This study clearly demonstrates that in cells from the rabbit
renal cortical collecting duct in primary culture, [Ca2]1 starts
to oscillate when extracellular [NaJ is reduced to less than 5
mM. The [Ca211 oscillations consist of distinct spikes which
appear to be generated by pulsatile release of Ca2 from
internal stores with [Ca2]1 returning to basal levels between
spikes. The characteristics of these [Ca2]1 oscillations are
comparable to agonist-induced [Ca2] oscillations reported in a
variety of electrically non-excitable cells [22].
Although this study was set out to determine the role of
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Fig. 5. Dependence on extracellular Ca2 of Na,,-free-induced [Ca2j1 oscillations in cultured cells from the rabbit renal cortical collecting
system, (A) In the absence of extracellular Na, the cells were exposed for seven mm to a Ca2'-free solution containing 0.1 msi EGTA (EGTA).
(B) In the absence of extracellular Na, the cells were exposed for 10 minutes to a nominally Ca2- and phosphate-free solution containing 0.1 mM
La3 (—Ca2, +La3). R3,,380 represents the fura 2 340/380 nm excitation fluorescence emission ratio as a measure of [Ca2]1. Representative
traces of eight experiments are shown.
Time, minutes
0 5 10 15 20 25
A
3.5
3.0
0 5 10 15 20 25
2.5
0 2 4 6 8
2.0
1.0
0.5
Koster et a!: Ca2 oscillations in the renal collecting system 833
30
Time, minutes
Fig. 9. Effect of protein kinase C activation using the phorbol ester,
12-O-tetradecanoylphorbol 13-acetate (TPA, 1O M) and subsequent
exposure to staurosporine (10—i M) on [Ca'J oscillations in the
absence of Nat, (NMGCI) in rabbit renal cortical collecting system.
R3.1380 represents the fura 2 340/380 nm excitation fluorescence emis-
sion ratio as a measure of [Ca2]1. A representative trace of four
experiments is shown.
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Fig. 8. Effect of ryanodine (50 pM) on Nat, free-induced [Ca27,
oscillations in cultured cells form the rabbit renal collecting system.
Ryanodine was superfused continuously for seven minutes. R3401380
represents the fura 2 340/380 nm excitation fluorescence emission ratio
as a measure of [Ca2]1. A representative trace of four experiments is
shown.
NatCa2 exchange in intracellular Ca2 homeostasis of cells
from the cortical collecting system, the unexpected observation
of [Ca2] oscillations induced by removal of Na0 precluded
such conclusion. However, reduction of the driving force for
Na-Ca2 exchange by lowering [Na]0 from 140 to 10 m or
exposing the cells to ouabain had no effect on [Ca2]1. Also,
La3, which inhibits Na-Ca2 exchange [24], did not affect the
[Ca2] oscillations. These findings strongly suggest that Nat-
Ca2 exchange does not contribute to the regulation of [Ca2]1
under these circumstances, a conclusion which is in agreement
with data of Taniguchi, Marchetti and Morel [9]. Using isolated
rat cortical collecting ducts, these authors showed that reduc-
tion of external Na from 164 to 27 m or treatment with
ouabain had no effect on [Ca2]1 unless rats were subjected to
adrenalectomy eight days prior to the experiment [9]. Bourdeau
and Lau [8] were also unable to detect changes in [Ca2]1 in
isolated perfused connecting tubules after moderate decrements
in extracellular [Nat]. Only after complete removal of bath
Na was a sustained increase in [Ca2]1 observed [8]. The rise
in [Ca2]1 was explained by Ca2 influx via the Na-Ca2
exchanger, but in these two studies, [Ca2] was determined in
cell clusters and not in single cells. Therefore, the reported
15 sustained increase in [Ca2]1 could possibly result from a
summation of [Ca2] signals in individual cells. Recently,
Breyer demonstrated Ca2 influx via a Na-Ca2 exchange
process located in the basolateral membrane, but only following
activation of cortical collecting ducts with cAMP or vasopres sin
[25].
Although a direct role of Na-Ca2 exchange in intracellular
Ca2 homeostasis could not be concluded from our studies,
previous investigations have firmly established that such a
basolateral Na-Ca2 exchange mechanism exists and certainly
plays a role in Ca2 reabsorption in the cortical collecting
system. For example, in isolated perfused connecting tubules
from the rabbit, Shimizu et al [6] demonstrated a decrease in
Ca2 reabsorption rate after removal of bath Na or following
ouabain treatment. In addition, we have demonstrated that
reducing basolateral [Nat] to 20 m or exposure to ouabain
inhibits 60% of transcellular Ca2 transport across cultured
cells of the rabbit cortical collecting system [7]. In the present
study, we show that such maneuvers do not result in detectable
changes in [Ca2]. Changes in the rate of transcellular Ca2
transport are, apparently, not accompanied by changes in
[Ca2].
The present study clearly indicates that [Na]0-free-induced
1.5
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Fig. 7. Effect of caffeine (20 mM) on Na0-free-induced (Ca2], oscil-
lations in cultured cells form the rabbit renal collecting system.
Caffeine was superfused continuously for eight minutes. R31350 repre-
sents the fura 2 340/380 nm excitation fluorescence emission ratio as a
measure of [Ca2]1. A representative trace of four experiments is
shown.
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[Na4]0 triggered (1 ,4,5)1P3 production which led to a sustained
4.5 increase in [Ca2]1. These [Ca24]1 measurements were, how-
ever, made as the summed response of all cells on the coverslip.
The authors postulated an external receptor site which can be
activated by very low [Na4]0 [26]. Similar observations were
made in parietal cells of the intact rabbit gastric gland by
2.5 Negulescu and Machen [27]. The physiological role of such a' receptor in our model system is unclear at present, although
extremely low luminal [Na4] can occur in the inner medullary
1.5 collecting duct. For example, during avid Na4 retention, [Na4]
in the lumen drops to values below 10 m [28].
0 5 Recently, Goldbeter, Dupont and Berridge presented a theo-
retical model to explain oscillations in [Ca24]1 [29]. Briefly, an
external signal triggers a rise in 1P3, which elicits the release of
Ca24 from an 1P3-sensitive store. The subsequent rise in [Ca24]1
in turn triggers the repetitive release of Ca24 from an 1P3-
insensitive pool by a process called Ca2-induced Ca24 release.
The characteristics of Na40-free-induced [Ca2i, oscillations in
the cortical collecting system are in close agreement with this
Goldbeter model for the following reasons: (i) The source of the
increase in [Ca24]1 is clearly intracellular, since prevention of
Ca24 influx through the plasma membrane had no immediate
effect on oscillatory activity. In general, most [Ca24]1 oscilla-
tions result from a repetitive discharge and refilling of internal
Ca2 stores initiated by increased levels of 1P3. External Ca24
is only needed to prevent depletion of internal stores [30].
Further evidence for an internal Ca24 source stems from our
experiments with thapsigargin, an inhibitor of Ca24-ATPase in
non-mitochondrial stores [21], whereby in thapsigargin-treated
cells, [Ca2]1 oscillations could no longer be evoked. (ii) The
reversible inhibition by caffeine of the [Ca24]1 oscillations
points to a role of Ca2-induced Ca24 release and is, therefore,
in favor of a second messenger-controlled model operating in
A
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Fig. 10. Effect of protein kinase C down-regulation on Na40 free-induced fCa271 oscillations. (A) Total cellular protein kinase C activity in
cultured cells from the rabbit renal cortical collecting system treated for 96 hours with TPA (10—6 M) or solvent (DMSO). Values are the mean
SEM of five experiments. , Significantly different from control (P < 0.05). (B) Effect of Na0 removal (NMGCI) and subsequent exposure to TPA
(10—6 M) on [Ca2J1 in PKC down-regulated cells. A representative trace of four experiments is shown.
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Fig. 11. Effect of Na0 removal (NMGCI) and reintroduction (NaC1)
on fCa'j1 and pH1 in cultured cells from the rabbit collecting system.
R3401380 represents the fura 2 340/380 nm excitation fluorescence emis-
sion ratio as a measure of [Ca24], and R414 represents the BCECF
490/440 nm excitation fluorescence emission ratio as a measure of pH1.
A representative trace of four experiments is shown.
[Ca24]1 oscillations stem from activation of some sort of recep-
tor since the oscillations were inhibited by the phospholipase C
inhibitor, U73 122. This agent has been shown to inhibit specif-
ically phospholipase C-linked events and to act at an early stage
in the transduction mechanism, presumably at a site distal to
the receptor [20]. Likewise, in the collecting duct system Na40
removal might activate a phospholipase C-dependent pathway
leading to an increase in (1 ,4,5)1P3 which releases Ca2 from an
1P3-sensitive store, and which is then followed by Ca24-induced
Ca2 release. A similar mechanism is operative in fibroblasts
since Smith, Dwyer and Smith [26] showed that decreasing
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cells of the cortical collecting system. Unexpectedly, ryano-
dine, which has been very useful in investigating the role of
Ca2-induced Ca2 release in muscle, had no effect on [Ca2]1
oscillations in the renal cells, and this confirms that endoplas-
mic reticulum is not generally sensitive to ryanodine [221. (iii)
Phospholipase C is involved in the transduction mechanism as
evidenced from the inhibition of the oscillations by U73122.
This indirectly indicates that the oscillations are mediated by
the second messenger 1P3. (iv) PKC is not essential for the
generation and maintenance of [Ca2] oscillations, which was
clearly demonstrated by down-regulation of PKC activity after
prolonged exposure to TPA. In fibroblasts, Harootunian et al
[31] also reported [Ca211 oscillations due to 1P3 oscillations
which did not require functional PKC activity. (iv) [Ca2 f]
oscillations in the cultured cells from the cortical collecting
system are inhibited by activation of PKC. A similar observa-
tion has been made in a variety of cell types where a negative
feedback control for PKC in agonist-induced [Ca2] oscilla-
tions has been suggested [23]. (v) In the renal cells oscillations
are asynchronous precluding efficient intercellular communica-
tion.
Explanations for Na0-free-induced [Ca2]1 oscillations in
cells of the cortical collecting system involving roles for pH1-
induced Ca2 release and/or intracellular Na are readily
dismissed. Firstly, Na0 free solutions did not perturb pH1 in
these cells, and, secondly, inhibition of Na-H exchanger and
Na channels by amiloride or inhibition of Na-K-ATPase by
ouabain did not influence [Ca2]1 oscillations.
In conclusion, cells from the cortical collecting system pos-
sibly contain a receptor-like mechanism which senses very low
extracellular [Nat] and activation of which results in sustained
[Ca2]1 oscillations until Na is reintroduced. Whether such a
receptor mechanism plays a physiological role in sensing lumi-
nal [Na] in situ remains a question which deserves further
study, but the capability to generate [Ca2i oscillations in these
renal cells is demonstrated unambiguously.
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